The FERM Protein Yurt Is a Negative Regulatory Component of the Crumbs Complex that Controls Epithelial Polarity and Apical Membrane Size  by Laprise, Patrick et al.
Developmental Cell 11, 363–374, September, 2006 ª2006 Elsevier Inc. DOI 10.1016/j.devcel.2006.06.001The FERM Protein Yurt Is a Negative Regulatory
Component of the Crumbs Complex that Controls
Epithelial Polarity and Apical Membrane SizePatrick Laprise,1,4 Slobodan Beronja,1,4
Nancy F. Silva-Gagliardi,2 Milena Pellikka,1
Abbie M. Jensen,3 C. Jane McGlade,2
and Ulrich Tepass1,*
1Department of Cell and Systems Biology
University of Toronto
Toronto, Ontario M5S 3G5
Canada
2The Hospital for Sick Children
Arthur and Sonia Labatt Brain Tumor Research
Center and
Department of Medical Biophysics
University of Toronto
Toronto, Ontario M5G 1X8
Canada
3Department of Biology
University of Massachusetts, Amherst
Amherst, Massachusetts 01003
Summary
The Crumbs (Crb) complex is a key regulator of epithe-
lial cell architecture where it promotes apical mem-
brane formation. Here, we show that binding of the
FERM protein Yurt to the cytoplasmic domain of Crb
is part of a negative-feedback loop that regulates Crb
activity. Yurt is predominantly a basolateral protein
but is recruited byCrb to apicalmembranes late during
epithelial development. Loss of Yurt causes an expan-
sion of the apical membrane in embryonic epithelia
and photoreceptor cells similar to Crb overexpression
and in contrast to loss of Crb. Analysis of yurt crb dou-
ble mutants suggests that these genes function in one
pathway and that yurt negatively regulates crb. We
also show that the mammalian Yurt orthologs YMO1
and EHM2 bind to mammalian Crb proteins. We pro-
pose that Yurt is part of an evolutionary conserved
negative-feedback mechanism that restricts Crb com-
plex activity in promoting apical membrane formation.
Introduction
The transmembrane protein Crumbs (Crb) is an essential
component of a protein network that regulates epithelial
polarization (for review, see Tepass et al. [2001]; Knust
and Bossinger [2002], and Nelson [2003]). Drosophila
Crb localizes to the apical membrane of epithelial cells
where it acts as an apical determinant (Tepass et al.,
1990; Wodarz et al., 1995). Drosophila embryos that
lack Crb show several epithelial defects as they do not
assemble a zonula adherens (ZA, the circumferential ad-
herens junction of epithelial cells), lose epithelial tissue
integrity, and show an increase in cell death (Tepass
et al., 1990; Tepass and Knust, 1990; Tepass, 1996;
Grawe et al., 1996). Crb also makes important contribu-
*Correspondence: utepass@zoo.utoronto.ca
4 These authors contributed equally to this work.tions to the cellular morphogenesis of epithelial photore-
ceptor cells (PRCs) in the Drosophila compound eye.
Crb controls ZA integrity during PRC morphogenesis,
and later during PRC development, Crb acts as a posi-
tive regulator of apical membrane size. Finally, Crb is re-
quired for the survival of PRCs under light-stress condi-
tion (Pellikka et al., 2002; Izaddoost et al., 2002; Johnson
et al., 2002). Crb overexpression leads to an expansion
of the apical membrane (Wodarz et al., 1995; Pellikka
et al., 2002), which raises the question of how Crb activ-
ity is normally attenuated so that the correct amount of
apical membrane is generated and maintained.
The human and mouse genomes encode three Crb or-
thologs (den Hollander et al., 1999, 2001; Pellikka et al.,
2002; Makarova et al., 2003; van den Hurk et al., 2005).
Mutations in human CRB1 were identified as a cause
of severe inherited forms of retinal degeneration (retinitis
pigmentosa and Leber congenital amaurosis) (den
Hollander et al., 1999, 2001; Lotery et al., 2001). Analysis
ofCrb1mutant mice showed a prominent fragmentation
of the ZA (the outer or external limiting membrane) in ret-
inas undergoing terminal differentiation as well as light-
dependent retinal degeneration (Mehalow et al., 2003;
van de Pavert et al., 2004). In addition, Crb1 mutant
PRCs show smaller inner and outer segments, which
are apical membrane subdomains. CRB3 was impli-
cated in the assembly of tight junctions, epithelial polar-
ity, and the formation of an apical cilium of normal length
(Roh et al., 2003; Fan et al., 2004). Thus, Crb proteins
have conserved functions in epithelial polarity and size
regulation of apical membrane domains.
All Crb proteins have a highly conserved short cyto-
plasmic tail that contains a PDZ domain binding (PDB)
site at its C terminus and a juxtamembrane region that
was predicted to act as a FERM (band 4.1, ezrin, radixin,
moesin) domain binding (FDB) site (Klebes and Knust,
2000). Both binding sites are important for the function
of Crb and CRB3 (Klebes and Knust, 2000; Izaddoost
et al., 2002; Medina et al., 2002; Fogg et al., 2005). The
PDZ binding site interacts with the adaptor PDZ protein
Stardust (Sdt; Pals1/Mpp5 in mammals) that links Crb to
the PDZ protein PATJ (Bachmann et al., 2001; Hong
et al., 2001; Roh et al., 2002). Sdt/Pals1 and PATJ
show functions similar to Crb or CRB3 (Tepass and
Knust, 1993; Nam and Choi, 2003; Hong et al., 2003;
Roh et al., 2003; Shin et al., 2005; Michel et al., 2005;
Richard et al., 2006; Nam and Choi, 2006). Recently, it
was suggested that the zebrafish gene mosaic eyes
(moe) encodes a FERM protein that may interact with
Crb proteins (Jensen and Westerfield, 2004). The pheno-
type of moe mutants is similar to the phenotype of nagie
oko, a zebrafish ortholog of Drosophila sdt, and moe
was implicated in tight junction formation similar to
mammalian CRB3 (Wei and Malicki, 2002; Jensen and
Westerfield, 2004).
Here, we investigate the function of the FERM protein
Yurt, the Drosophila ortholog of Moe, as a Crb interac-
tion partner. yurt mutant embryos display defects in
head morphogenesis and dorsal closure (Ju¨rgens
et al., 1984; Hoover and Bryant, 2002), but the cellular
Developmental Cell
364functions of Yurt and its potential role in epithelial polar-
ity have not yet been analyzed. We show that Yurt binds
to the cytoplasmic tail of Crb, an interaction we also ob-
served between mammalian Crb and Yurt orthologs. Our
data suggests that the interaction between Yurt and Crb
is part of a negative-feedback loop that regulates
epithelial polarity and apical membrane growth.
Results
Transient Colocalization of Yurt and Crb
Our Yurt-specific antibodies detected multiple protein
isoforms in embryonic lysates. Treatment with l phos-
phatase revealed four Yurt polypeptides that show
various levels of phosphorylation (Figure 1A and
Figure S1, see the Supplemental Data available with
this article online). These isoforms have molecular
weights of 135 kDa (Yurt-a), 106 kDa (Yurt-b), 101 kDa
(Yurt-g), and 84 kDa (Yurt-d). Yurt-b is encoded by a
transcript containing all known yurt exons as indicated
by available cDNA clones and RT-PCR analysis (Fig-
ure 1C, not shown). Yurt-g and Yurt-d are alternative
splice forms that lack sequences encoded by exon 6
or exon 9, respectively. Yurt-a is not yet fully character-
ized, but our mass-spectrometry analysis suggests that
it contains the FERM domain as well as exons 7 and 8.
Yurt-b, -g, and -d retain the FERM domain and a C-termi-
nal PDB site and differ only in the variable region that
lacks known protein domains (Figure 1C).
All four Yurt polypeptides are differentially expressed
(Figure 1B). Yurt-d is maternally provided, found in
unfertilized eggs, and persists until midembryogenesis
after which it declines. Yurt-a is first detected prior to
gastrulation, accumulates at high levels during midem-
bryogenesis, and subsequently declines. Yurt-b is first
detected during gastrulation, while Yurt-g is initially
seen at midembryogenesis, and these two isoforms
accumulate toward the end of embryogenesis. Yurt-
b and Yurt-g are also the predominant isoforms in larvae
and adult heads (Figure 1B). To determine whether all
four isoforms are encoded by the yurt gene, we exam-
ined embryonic lysates that lack maternal and zygotic
expression of yurt (yurt M/Z). For this analysis, two
previously characterized mutations were used (yurtE15
and yurtE99) (Manseau et al., 1988; Hoover and Bryant,
2002). In addition, we generated new yurt deletion muta-
tions (yurt75 and yurt65) by imprecise P element excision
of EY01443 (Bellen et al., 2004), which is inserted in the
yurt 50UTR (Figure 1C). yurtM/Z mutants did not express
detectable amounts of any of the Yurt isoforms (Fig-
ure 1D), indicating that these yurt alleles are protein
null, and that all four isoforms are products of the yurt
locus.
Yurt is found in many tissues, in particular, all epithelia
that express Crb (Figure S1). As reported previously
(Hoover and Bryant, 2002), we found that Yurt associ-
ates with the plasma membrane, in particular, the baso-
lateral membrane of epithelial cells. Enrichment of Yurt
is detected at the furrow canal during cellularization
(Figure 1E) and at the apical aspect of the lateral mem-
brane during gastrulation (Figure 1F). The apical extent
of Yurt distribution reaches the ZA (labeled with Arma-
dillo [Arm]/b-catenin) at this stage but does not extend
apical to it. In contrast, starting at stage 13, Yurt is de-tected apical to the ZA in the marginal zone, a region
that corresponds to the vertebrate tight junction and is
enriched in apical determinants such as Crb (Figures
1G and 1H). Yurt is also found in the region of the ZA
and the septate junction, and low levels were seen at
the remaining basolateral membrane.
We next examined the distribution of Yurt in PRCs to
determine whether the transient colocalization of Yurt
and Crb is a general feature of Yurt distribution. Crb
and its binding partners Sdt and PATJ are found at the
stalk membrane, one of two apical membrane domains
of PRCs (Figure 1I) (Pellikka et al., 2002; Izaddoost
et al., 2002; Hong et al., 2003). Yurt is associated with
the basolateral membrane and the ZA but not detected
at the apical membrane of PRCs up to 80% of pupal de-
velopment (pd) (Figures 1J and 1K). At 85% pd, Yurt was
first detected at the stalk membrane (Figure 1L). At 90%
pd (Figure 1M) and in adults (not shown), Yurt is largely
confined to the stalk membrane, and little if any Yurt is
found at the basolateral membrane. Together, these re-
sults show that Yurt and Crb transiently colocalize at the
marginal zone in mid-to-late stage embryos and at the
stalk membrane in PRCs raising the possibility that
these proteins interact directly.
Crb Recruits Yurt to the Apical Membrane
To find out whether the apical recruitment of Yurt re-
quires Crb, we studied Yurt distribution in crb mutants.
Results from crb mutant embryos were inconclusive
due to the strong morphological defects in these em-
bryos. However, crb mutant PRCs clearly failed to re-
cruit Yurt to the stalk membrane and showed an enrich-
ment of Yurt at the basolateral membrane (Figure 1N). To
further examine the interactions between Yurt and Crb,
we overexpressed either Yurt or Crb and analyzed the
distribution of the other molecule. Overexpression of
Yurt, facilitated by the UAS elements contained within
the EY01443 P element, led to an accumulation of Yurt
along the entire basolateral membrane and the apical
junctional complex (data not shown). Ubiquitous over-
expression of Yurt had no deleterious effect on viability
or morphology, and the amount and distribution of Crb
appeared normal. In contrast, overexpression of Crb
from a UAS-crb transgene, which promotes excessive
apical membrane formation and disrupts epithelial in-
tegrity (Wodarz et al., 1995), caused an abnormal accu-
mulation of Yurt that codistributed with Crb (Figure 2A).
Crb appears to specifically stabilize Yurt-b and affects
the phosphorylation of Yurt-a (Figure S2). These findings
indicate that Crb recruits Yurt to the apical membrane.
Endogenous Yurt and Crb were found to coimmuno-
precipitate (co-IP) from embryonic lysates of mid-to-
late stage embryos (stages 12–17), but not from younger
embryos (stages 6–10) (Figure 2B), which correlates with
the lack of colocalization of Yurt and Crb at these stages
(Figure 1F). GST pull-down experiments revealed that
the FERM domain of Yurt is sufficient to mediate the in-
teraction with Crb and that this interaction is specific as
the FERM domain of Coracle, the Drosophila Band 4.1
ortholog (Fehon et al., 1994), did not interact with Crb
(Figure 2C). Finally, Far-Western analysis indicated
that the cytoplasmic domain of Crb fused to GST protein
(Figure 2D), but not GST alone (not shown), can directly
interact with the FERM domain of Yurt. These data
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365Figure 1. Yurt Isoforms Expression and Localization
(A) Overnight embryo lysate was treated with dual specificity l phosphatase prior to immunoblot analysis with Yurt-specific antibody (GP7).
(B) Immunoblot showing the developmental expression profile of Yurt isoforms.
(C) Schematics of the yurt genomic region, yurt transcripts, and the Yurt protein. Blue color indicates open reading frame. PDB, PDZ binding site;
VR, variable region.
(D) Yurt expression in yurt M/Z embryos compared to wild-type (WT) embryos.
(E) During cellularization (stage 5), Yurt (red) is found in the apical and lateral membrane and enriched at the furrow canals marked by PATJ
(green).
(F) At stage 9, Yurt staining (red) is found at the lateral membrane and enriched just basal to the ZA labeled by anti-Arm antibody (green).
(G–H) At stage 14, Yurt is enriched in the upper third of the lateral membrane, overlaps with the ZA (Arm staining in G0), and is found in the marginal
zone where it colocalizes with Crb (H00).
(I) Schematic of adult PRCs. ZA, zonula adherens.
(J–K) At 75% pd, Yurt (red) is found at the basolateral membrane of PRCs and is enriched at the base of the ZA (Arm, blue) but is not detected at
the apical stalk membrane marked by PATJ (green).
(L) At 85% pd, Yurt (red) is detected at the basolateral membrane but also extends apical (arrowhead) beyond the ZA (Arm, blue) and partially
overlaps with PATJ (green) in the stalk membrane.
(M) At 90% pd, Yurt (red) is predominantly detected at the apical stalk membrane (PATJ, green).
(N) crb11A22 mutant adult PRCs are identified by the loss of PATJ staining (green; marked by asterisks), and failed to recruit Yurt (red) to the stalk
membrane. Instead, Yurt is enriched at the basolateral membrane. Scale bars: (E)–(H), 10 mm; (J)–(N), 5 mm.suggest that direct binding to the Crb cytoplasmic tail of
the FERM domain of Yurt is responsible for the Yurt Crb
interaction in vivo.
The Yurt Crb Interaction Is Conserved in Mammals
The human (and mouse) genome encodes three Crb
orthologs and two orthologs of Yurt and zebrafish
Moe. The first Yurt/Moe ortholog is EHM2 (Shimizu
et al., 2000), and the second human ortholog is anno-
tated as EPB41L5 (erythrocyte protein band 4.1-like 5).
We renamed EPB41L5 to Yurt/Mosaic eyes-like 1
(YMO1). To investigate whether the Crb Yurt interaction
is conserved in mammals, we generated antibodiesagainst YMO1, CRB1 and CRB2 together with DNA
constructs encoding full-length EHM2 and full-length
and modified versions of YMO1 and CRB proteins
(Figure 3A). YMO1 and CRB1 form a complex when ex-
pressed in HEK293 T cells (Figure 3D). This interaction
is strongly reduced by point mutations in the FDB site
of CRB1 (CRB1 AAA) (Figures 3A and 3D). The YMO1
CRB1 association is lost as a result of deleting the
YMO1 FERM domain (Figure 3D). We also observed
that YMO1 interacts with CRB2 and CRB3 in a FERM do-
main-dependent manner (Figures 3E and 3F). GST pull-
downs confirmed the interaction between YMO1 and
CRB proteins (Figures 3G and 3H) and showed that the
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actions between YMO1 and CRB1 or CRB2 (Figure 3G).
The YMO1 CRB interaction appears to be specific as
YMO1 does not interact with the cytoplasmic tail of syn-
decan-1 that also contains a predicted FDB site (Fig-
ure 3H) (Rapraeger, 2000). We observed similar interac-
tions between EHM2 and CRB1, CRB2, and CRB3
(Figure S3). In the adult mouse retina, YMO1 is enriched
apical to the ZA marked by Cadherin where it colocalized
with Crb2 (Figures 3B and 3C) and was also more
broadly distributed in PRCs and other cells of the retina.
EHM2 showed no specific enrichment apical to the ZA in
the neural retina (not shown). Taken together, these re-
sults suggest that the interaction between Yurt and
Crb is a conserved feature of the Crb complex and that
the mammalian Crb and Yurt orthologs can interact in
all six possible combinations.
Yurt Negatively Regulates Apical Membrane
Formation
We found that yurt M/Z mutants of four alleles (yurt65,
yurt75, yurtE15, and yurtE99) displayed defects in epithe-
lial polarity. yurt M/Z mutants showed first irregularities
in the distribution of Crb and Arm after gastrulation when
the germband is fully extended (stages 10/11) (Figures 4I
Figure 2. Yurt Interacts with Crb through Its FERM Domain
(A) ptc-Gal4 UAS-crb embryo. Overexpression of Crb (green) leads
to an increase in the levels of Yurt (red).
(B) Coimmunoprecipitation of Crb using anti-Yurt antibody and wild-
type embryos stages 6–10, 12–17, and an overnight (O/N) collection.
(C) Lysate from an overnight embryo collection was subjected
to GST pull-down with glutathione-agarose beads loaded with either
GST, GST fused with the FERM domain of Yurt (GST-Yurt FERM),
GST fused to a C-terminal portion of Yurt (GST-Yurt C TERM), or GST
fused to the FERM domain of Coracle (GST-Cor FERM). Crb was
specifically pulled down in the presence of the FERM domain of Yurt.
(D) Far-Western using the FERM domain of Yurt as bait and GST-
Crbintra as a probe shows a direct interaction between these two
polypeptides. Scale bar: (A), 50 mm.and 4J, not shown). By stage 12, Crb showed basolat-
eral misdistribution in yurt M/Z mutant epithelia when
epithelial tissue structure still appeared normal (Figures
4A, 4C, 4E, and 4F). During stages 13 to 15 severe de-
fects in Crb distribution and in epithelial tissue organiza-
tion were particularly apparent in the head and ventral
ectoderm (Figures 4B, 4D, 4G, 4H, 4K, and 4L). Epithelial
defects recovered to some extent toward the end of em-
bryogenesis (not shown). Other epithelia including the
dorsal epidermis exhibited milder defects in tissue
structure in yurt M/Z embryos (Figures 4M and 4N and
data not shown). In zygotic yurt mutants, abnormal lo-
calization of Crb and epithelial disruptions are confined
to the head ectoderm (not shown). These results indi-
cate that Yurt is required for the normal epithelial orga-
nization of the head and ventral ectoderm and to a lesser
degree of other epithelia and that Yurt contributes to
confining Crb to the apical membrane.
The Crb binding partners PATJ and bH-Spectrin, sim-
ilar to Crb, showed misdistribution in epithelia that ex-
hibit multilayering in yurt M/Z mutants (Figures 5A, 5B,
5D, and 5E). Likewise, Arm (Figures 5G and 5H) or
Bazooka (not shown) were either retained apically in
yurt M/Z mutant epithelia that exhibit apparently normal
structure or showed an irregular punctate distribution in
multilayered cell clusters. In contrast to the cuticle of
zygotic yurt mutants, cuticle in the head and ventral
trunk of yurtM/Z mutants appeared abnormally infolded
and convoluted (Figures 5J–5M). Histological sections
confirmed that the ventral cuticle is highly infolded and
occupies a larger surface area compared to wild-type
(13.4 mm of cuticle per cell in yurt M/Z mutants [n = 39]
versus 6.9 mm in wild-type [n = 62]) (Figures 5N and
5O), consistent with a larger apical, cuticle secreting
membrane. The broader distribution of apical markers
and the convoluted cuticle are defects similar to those
seen in embryos that overexpress Crb (Wodarz et al.,
1995) (Figures 5C, 5F, and 5I). We conclude that the api-
cal membrane is enlarged in yurt M/Z mutants.
Expanded apical membranes were also found in yurt
mutant PRCs. At day 1 after eclosure, stalk membranes
of yurt mutant cells are 2.5 mm in length compared to 1.9
mm in wild-type. Interestingly, stalk length defects are
progressive: at day 7 after eclosure, stalks have a length
of 2.7 mm and 3.6 mm after 14 days (Figures 6A–6D and
6I). Our previous work showed that overexpression of
Crb leads to an expansion of the apical stalk membrane,
and loss of Crb reduces stalk membranes to approxi-
mately 50% of their normal size (Pellikka et al., 2002)
(Figures 6F and 6I). Consistent with the observed elon-
gation of stalk membrane in yurt mutants, loss of Yurt
did not cause a misdistribution or reduction of Crb,
PATJ, and bH-Spectrin (Figure 6K, not shown), which
promote stalk membrane growth (Pellikka et al., 2002;
Richard et al., 2006). These findings suggest that Yurt
is a negative regulator of stalk membrane length and
that persistent Yurt activity is required to maintain nor-
mal stalk length.
Yurt mutant eyes show normal external morphology.
PRCs display mild defects in adherens junction posi-
tioning (Figure 6J) and in rhabdomere shape, including
enlarged cross-section profiles and spilt rhabdomeres
(Figure 6C). In contrast to crb mutants, no significant
shortening in the proximodistal length of rhabdomeres
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(A) Schematic of the human CRB proteins and YMO1 and the mutant versions used. TM, transmembrane; FDB, FERM domain binding site; PDB,
PDZ domain binding site.
(B and C) Adult mouse retina labeled for YMO1 (green, B) and CRB2 (green, C) and pan-Cadherin antibodies (Cad, red).
(D–F) Co-IP from lysates of HEK293T cells that were cotransfected with pairs of cDNA or a vector control as indicated. The expression level of
proteins from the transfected cDNAs was monitored with whole-cell lysates (Lysate).
(G–I) HEK293T cells were transfected with cDNAs encoding different proteins as indicated and lysed 24–48 hr later. Lysates were subjected to
pull-down experiments with GST fused to the cytoplasmic tail of human CRB proteins. GST protein alone or fused to the cytoplasmic tail of hu-
man syndecan 1 (GST-hSyn) were used as negative controls. The expression levels were monitored with whole-cell lysate (Lysate), and Coomas-
sie staining was used to evaluate the amount of GST fusion protein.or a fragmentation of the ZA was observed in PRCs that
lack Yurt. Loss of Crb and mouse Crb1 lead to light-de-
pendent PRC degeneration (Johnson et al., 2002; van de
Pavert et al., 2004). Similar to crb mutants and in con-
trast to wild-type, we observed massive PRC degenera-
tion in yurt mutant eyes after 7 days of constant light ex-
posure (Figure 6E), indicating that Yurt like Crb is
required for PRC survival under light-stress conditions.
Yurt Negatively Regulates Crb Function
To examine the functional interactions between Yurt and
Crb, we analyzed yurt crb double mutant ommatidia.
PRCs that lack both Yurt and Crb display a crb-like phe-
notype and have stalk membranes that are reduced toapproximately 50% of their normal length (Figures 6F,
6H, and 6I). This genetic interaction is consistent with
the view that yurt and crb act in one genetic pathway
and, as the crb phenotype is epistatic over the yurt phe-
notype, that yurt acts upstream of crb. To further char-
acterize the functional interactions between Crb and
Yurt, we analyzed the phenotype of double mutant em-
bryos. yurt mutations suppress the zygotic phenotype
of the null allele crb11A22 and more dramatically of the
hypomorphic allele crbS87-2 (Figures 7A and 7C–7E).
Also, defects in junctional integrity and cellular organiza-
tion of the epidermis are strongly rescued in double
mutants as compared to crb mutant embryos (Figures
7G–7L). These results suggest that Yurt is a negative
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Embryos
(A, B, E, and G) Crb distribution in a wild-type
stage 11 (A and E) and stage 13 (B and G)
embryo is restricted to the apical membrane.
(C and F) Stage 12 yurt75 M/Z mutant stained
for Crb showing ectopic localization of Crb in
the basolateral membrane.
(D and H) Crb distribution is apolar, and the
epidermis and trachea are multilayered in
a stage 13 yurt75 M/Z embryo.
(I and J) Face-on view of Crb distribution in
the ventral epidermis of a stage 11 wild-type
(I) and yurt75 M/Z mutant (J) embryo. Crb
distribution is irregular when Yurt is absent.
(K–N) Crb distribution in the ventral (K and L)
or lateral (M and N) epidermis of a stage 13
wild-type (K and M) and a yurt75 M/Z (L and
N) embryo. Disruption of Crb distribution
and tissue structure is largely confined to
the ventral epidermis in a yurt75 M/Z embryo.
Scale bars: (A)–(D), 100 mm; (E)–(H), 10 mm;
(I)–(N), 10 mm.regulator of Crb. The suppression of the embryonic
crb11A22 phenotype by yurtmutations initially did not ap-
pear to be consistent with the notion that yurt acts
through modulating crb activity as crb11A22 is consid-
ered a null allele, and previous work did not detect a ma-
ternal contribution of crb (crb11A22 M/Z embryos have
the same phenotype as crb11A22 embryos) (Tepass and
Knust, 1990). However, crb has a maternal component
of expression as unfertilized eggs contain crb mRNA
and protein (Figure S4). In contrast to the zygotic double
mutants, embryos that derive from double mutant germ-
line clones (yurt M/Z crb M/Z) show a phenotype similar
to crb mutants that is characterized by the presence of
cuticle grains and small cuticle vesicles (Figures 7A
and 7B). This indicates that the suppression of the crb
phenotype by yurtmutations requires residual crb activ-
ity. Taken together, our data are consistent with the
conclusion that Yurt function in epithelial organization
is mediated by a negative modulation of Crb activity.
Yurt Does Not Cooperate with Lgl, Dlg, and Scrib
in Suppressing Crb Function
Our analysis of Yurt revealed several features that had
also been reported for the basolateral determinants Le-
thal giant larvae (Lgl), Discs large (Dlg), and Scribble(Scrib). Yurt colocalizes with Lgl, Dlg, and Scrib at the
basolateral membrane and yurt mutations suppress the
crb phenotype similar to mutations in lgl, dlg, and scrib
(Tanentzapf and Tepass, 2003; Bilder et al., 2003). This
raises the possibility that yurt may cooperate with these
genes in counteracting apical determinants such as Crb.
However, we also note significant differences between
yurt and lgl, dlg, and scrib. (1) Lgl, Dlg, and Scrib are re-
quired for epithelial apical-basal polarity in gastrulating
embryos (e.g., Bilder and Perrimon, 2000), while Yurt is
not (this work). (2) yurt M/Z crb M/Z embryos show
acrbphenotype (Figure 7B) arguing that the suppression
of crb mutant defects by yurt mutations (Figures 7C and
7E) requires residualcrbactivity. In contrast, thecrbphe-
notype is suppressed in scribM/ZcrbM/Z embryos (with
the same allele, crb11A22), and these embryos display
a scrib mutant phenotype (Tanentzapf and Tepass,
2003). (3) yurt mutant imaginal discs did not show an
overgrowth phenotype as seen in lgl,dlg, or scribmutant
discs (e.g., Bilder et al., 2000). To further explore poten-
tial interactions between yurt and lgl, dlg, and scrib, we
studied double mutants and examined the distribution
of Lgl and Dlg in yurt mutants. Double-mutant combina-
tions between lgl,dlg, and scrib show striking positive in-
teractions (Bilder et al., 2000). In contrast, no interaction
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and dlg or lgl (Figure 7F and Figure S5). Furthermore,
Lgl, Dlg, and Scrib show codependent membrane local-
ization, whereas the localization of Dlg and Lgl was nor-
mal in yurt M/Z mutants (Figure S5). Together, these re-
sults suggest that Yurt acts independently of Lgl, Dlg,
and Scrib to counteract Crb activity.
Figure 5. Epithelial Polarity Defects and Enlarged Apical Mem-
branes in yurt Mutants
(A and B) PATJ distribution in the ventral epidermis of a stage 13
wild-type (A) and yurt75 M/Z (B) embryo.
(C, F, and I) PATJ (C), bH-Spectrin (F), and Armadillo (I) distribution in
the ventral epidermis of a stage 13 embryo overexpressing Crb
(da-GAL4, UAS-crb).
(D and E) Distribution of bH-Spectrin in the ventral epidermis of stage
a 13 wild-type (D) and yurt75 M/Z (E) embryo.
(G and H) Arm distribution in the ventral epidermis of a stage 13
wild-type (G) and yurt75 M/Z (H) embryo.
(J) Cuticle of a wild-type embryo.
(K–M) Cuticle of a zygotic yurt75 mutant (K) and a yurt75 M/Z mutant
(L and M). Arrows point to convoluted ventral cuticle.
(N) Transmission EM of a stage 17 wild-type embryo. Arrow points
to cuticle.
(O) Transmission EM showing that the cuticle is highly infolded and
extended in stage 17 yurt75 M/Z mutant embryos. Arrows point to
cuticle. Scale bars: (A)–(I), 10 mm; (J)–(L), 100 mm; (M), 50 mm; (N)
and (O), 5 mm.Discussion
The data presented here support the hypothesis that the
FERM protein Yurt is a negative regulatory component
of the Crb complex that modulates Crb function in two
distinct aspects of epithelial organization: epithelial api-
cal-basal polarity and the regulation of apical membrane
size (see Figure 7M). The conclusion that Yurt opposes
Crb activity and does so as a component of the Crb
complex is supported by several observations. (1) Yurt
is recruited to the apical membrane by Crb and can
bind directly to the FDB site in the cytoplasmic tail of
Crb. (2) Loss of Yurt disrupts epithelial polarity and
causes an enlargement of the apical membrane as
seen when Crb is overexpressed. (3) yurtmutations sup-
press the crb mutant phenotype but only when residual
Crb activity remains, suggesting that Yurt exerts its
effects through Crb.
A clear distinction between Crb function in apical-
basal polarity and in regulating the size of an apical
membrane domain is seen in PRCs. Overexpression of
Crb in late PRCs leads to an expansion of the apical stalk
membrane without disrupting apical-basal polarity or
the apical junctional complex (Pellikka et al., 2002), in
contrast to most other epithelial cells (Wodarz et al.,
1995; Klebes and Knust, 2000; Izaddoost et al., 2002).
yurt mutant PRCs display longer stalk membranes sim-
ilar to PRCs that overexpress Crb and unlike PRCs that
lack Crb, which have shorter stalks. We also detected
extended apical membranes in the late embryonic
epidermis of yurt mutants. The function of Yurt as a neg-
ative regulator of apical membrane size appears to be
conserved in vertebrates. We show that the Yurt ortho-
logs YMO1 and EHM2 can bind to all three human
CRB proteins and that YMO1 colocalizes with Crb2 in
the inner segment of mouse PRCs. Moreover, zebrafish
Crb proteins physically interact with the Yurt ortholog
Moe, and loss of Moe causes larger apical membranes
in fish PRCs (Y.-C. Hsu, J.J. Willoughby, A.K. Christen-
sen, and A.M.J., unpublished data). We conclude that
negative regulatory feedback within the Crb complex
could be a general mechanism for the regulation of
apical membrane size.
Similar to yurt, mutations in genes encoding basolat-
eral polarity proteins such as Lgl oppose the activity of
apical polarity factors (Bilder et al., 2003; Tanentzapf
and Tepass, 2003; Benton and St. Johnston, 2003; Plant
et al., 2003; Betschinger et al., 2003; Yamanaka et al.,
2003, 2006). We did not detect functional interactions
between yurt and lgl or dlg, and although yurt and lgl,
dlg, or scrib mutations suppress the crb mutant pheno-
type, remaining crb activity is required to ameliorate the
crb mutant defects in the absence of Yurt but not in the
absence of Scrib. These findings suggest that Yurt acts
directly on Crb and not indirectly through a cooperation
with basolateral determinants.
Crb proteins promote the formation of apical mem-
brane or apical membrane subdomains of Drosophila
embryonic epithelial cells (Wodarz et al., 1995; Myat
and Andrew, 2002), Drosophila PRCs (Pellikka et al.,
2002), mammalian PRCs (Mehalow et al., 2003), and
the apical cilium of mammalian kidney cells (Fan et al.,
2004). The Crb binding partners Sdt, PATJ, and bH-
Spectrin also positively regulate apical membrane
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370Figure 6. Stalk Membrane Length Is In-
creased in yurt Mutant PRCs
(A and B) Transmission EM of wild-type
PRCs. Arrowheads point to ZAs and arrows
to stalk membrane in (B), (D), (F), and (H).
(C and D) yurt75 mutant PRCs show abnormal
rhabdomere morphology and extended
stalks.
(E) yurt75 mutant PRCs show light-stress-de-
pendent degeneration.
(F) crb11A22 mutant PRCs have shortened
stalks.
(G and H) yurt75 crb11A22 double mutant PRCs
show a crb-like phenotype with shortened
stalk membranes.
(I) Histogram showing the progressive in-
crease in stalk length in yurt75 mutant PRCs
at 1 day (d), 7 days, and 14 days after eclo-
sure. Student’s t test showed significant
differences between wild-type and mutants
at p < 0.0001; yurt 1 day versus yurt 7 days,
p < 0.05; yurt 7 days versus yurt 14 days,
p < 0.0001. No significant difference was
found between crb11A22 and yurt75 crb11A22
double mutants. Error bars represent stan-
dard deviation.
(J) Basolaterally displaced adherens junc-
tions (arrowheads; Arm, blue) are seen in
yurt75 mutant PRCs marked by the absence
of Yurt (red).
(K) Crb (blue) and bH-Spectrin (bH-Spec;
green) localize to the stalk membrane in
yurt75 mutant PRCs. Arrowhead points to api-
cal abnormalities occasionally detected in
yurt75 mutant cells. Scale bars: (A), (C), (E),
and (G), 2 mm; (B), (D), (F), and (H), 1 mm; (J)
and (K), 10 mm.formation (Pellikka et al., 2002; Hong et al., 2003;
Richard et al., 2006). Crb forms a complex with bH-Spec-
trin, but the nature of this interaction has remained
unclear (Pellikka et al., 2002; Medina et al., 2002). The
FDB site in the Crb cytoplasmic tail is required to pro-
mote epithelial polarity and is important for the linkage
of Crb to bH-Spectrin (Klebes and Knust, 2000; Medina
et al., 2002). Moesin was suggested as a candidate for
mediating this interaction as it can form a complex
with Crb and bH-Spectrin (Medina et al., 2002). However,
direct binding of Moesin to Crb has not been reported
and the loss of Moesin causes defects that do not re-
semble the Crb loss- or gain-of-function phenotype.
Moreover, Moesin does not colocalize with Crb at the
stalk membrane (Karagiosis and Ready, 2004). Our
data suggest that Yurt does not link Crb to bH-Spectrin,
although Yurt can bind to the Crb FDB site. Loss of Yurt
from PRCs does not cause bH-Spectrin to detach from
the stalk as was reported for PRCs that lack Crb (Pel-
likka et al., 2002) and as would be expected if Yurt is
the critical linker between Crb and bH-Spectrin. More-
over, association of bH-Spectrin with the stalk and loss
of bH-Spectrin from the stalk in crb mutants occurs
before Yurt becomes apparent at the stalk membrane.
These results imply that Crb can interact with bH-Spec-
trin in a Yurt-independent manner. In addition to Yurt,
the FDB site of Crb is likely to interact with a yet-un-
known positive regulator of epithelial polarity and is
therefore a critical site for the modulation of Crb com-
plex activity.Crb has a well-established role in epithelial apical-
basal polarity and contributes to the assembly of the
ZA in Drosophila and the ZA and tight junction in mam-
malian epithelia (e.g., Tepass 1996; Mehalow et al.,
2003; Fogg et al., 2005). In contrast to Crb and Sdt,
which are required for epithelial polarity already in gas-
trulating embryos (Tepass and Knust, 1990, 1993, Te-
pass, 1996; Grawe et al., 1996; Muller and Wieschaus,
1996), Yurt becomes an essential component of the
Crb complex later in epithelial development. Yurt locali-
zation appears to be confined to the basolateral mem-
brane at early stages, and biochemical interactions be-
tween Yurt and Crb were not detected. The shift in the
subcellular distribution of Yurt is unlikely to reflect the
differential expression of the four Yurt isoforms. For ex-
ample, the recruitment of Yurt to the stalk membrane
does not correlate with an isoform shift as Yurt-b and
Yurt-g are the predominant isoforms throughout pupal
retinal development (data not shown). Thus, the interac-
tion between Crb and specific Yurt isoforms is presum-
ably regulated through modification of Yurt or Crb or
both proteins. One attractive possibility is that phos-
phorylation of Yurt, which we document, is important
for regulating the Crb Yurt interaction. The association
of several other FERM domain proteins such as Merlin
or Moesin with membrane proteins is regulated through
phosphorylation, which causes a conformational
change that allows the FERM domain to interact with
transmembrane receptors (reviewed in Bretscher et al.,
2002). Recent work showed that the phosphorylation
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371Figure 7. Genetic Interaction between yurt and crb
(A) Cuticle of a crb11A22 mutant embryo.
(B) Cuticle of a crb11A22 yurt75 double M/Z mutant embryo. The crb mutant phenotype is epistatic over the yurt mutant phenotype.
(C) Cuticle defects observed in a crb11A22 mutant embryo are ameliorated in a crb11A22 yurt75 zygotic double mutant embryo.
(D and E) Cuticle defects observed in the crbS87-2 mutant embryo (D) are suppressed in a crbS87-2 yurt75 zygotic double mutant embryo (E).
(F) Cuticle of a dlgm52 yurt75 zygotic double mutant embryo. Removal of zygotic dlg does not modify the yurt mutant phenotype.
(G–I) Face-on view of Arm distribution in the ventral epidermis of a stage 13 wild-type (G), crb11A22 (H), and yurt75 crb11A22 (I) zygotic mutant
embryo.
(J–L) The defects in Cor distribution observed in acrbS87-2mutant embryo (K) are suppressed in acrbS87-2 yurt75 zygotic double mutant embryo (L).
(M) Model illustrating the functional interactions between Yurt and other polarity factors. Global regulatory feedback between apical and baso-
lateral determinants controls apical-basal polarity, whereas local regulatory feedback between Yurt and other components of the Crb complex
contributes to apical-basal polarity and to the regulation of apical membrane size. Scale bars: (A)–(F), 100 mm; (G)–(L), 10 mm.of the juxtamembrane region of Crb by aPKC is impor-
tant for Crb function (Sotillos et al., 2004). This modifica-
tion could prevent premature recruitment of Yurt as
a negative regulator of Crb activity during early epithelial
development. It will be an important challenge to deter-
mine how the temporal and spatial interactions between
Crb and Yurt are regulated.
The negative regulation of the Crb/Sdt/PATJ/bH-
Spectrin complex by Yurt does not involve significant
changes in the localization or levels of these proteins.
To find out how Yurt interferes with Crb complex func-
tion will likely depend on elucidating the molecular
mechanism of how Crb and its other binding partners
cause cell polarization and apical membrane growth,
which currently is not understood. Regulation of apical
membrane size is a critical feature of epithelial develop-
ment, which is required during epithelial polarization
and in terminally differentiated cells to maintain func-
tional apical domains such as the stalk membrane of
PRCs or the apical cilia of epithelial cells. Figure 7M illus-
trates a model that summarizes the functional interac-
tions between polarity proteins that we have explored
in this study. Our analysis of Yurt emphasizes that theCrb complex has two distinct functions in controlling ep-
ithelial cell architecture, the global regulation of apical-
basal polarity, and the local control of apical membrane
size. We hypothesize that both levels of control involve
Yurt-dependent negative feedback regulation that acts
directly upon Crb activity. Global negative feedback oc-
curs between apical and basolateral polarity proteins to
set up apical versus basolateral membrane territories
segregated by an apical junctional complex. Local neg-
ative feedback occurs among apical polarity proteins to
restrict apical membrane growth. Apical membrane
growth facilitated by the Crb complex without local sup-
pression of its activity (that is, without involvement of
Yurt) may occur early in epithelial development when
the apical membrane shows net growth, while in more
mature epithelial cells, homeostasis of apical-basal
polarity and apical membrane size is achieved through
Yurt-mediated local restriction of Crb complex activity.
Experimental Procedures
Drosophila Genetics
yurt75 and yurt65 were generated by imprecise P element excision of
EY01443 (P{EPgy2}yurtEY01443) (Bellen et al., 2004). yurt75 deletes
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3724.8 kb of genomic DNA including the 50UTR and 1080 bp of the yurt
ORF. yurt65 deletes 144 bp, including 36 bp of the predicted 50UTR.
yurtE15, yurtE99, crb11A22, and crbS87-2 were described previously
(Tepass and Knust, 1990; Hoover and Bryant, 2002). Germline clones
were generated with the FLP-DFS technique (Chou and Perrimon,
1996). Overexpression of Crb constructs or Yurt was achieved by
crossing UAS-crb, UAS-crbintra, UAS-crbintra(A10A16), or EY1443 to
ptc-GAL4 or da-GAL4 (Wodarz et al., 1995; Klebes and Knust, 2000).
Clones in the retina were induced as described (Pellikka et al., 2002).
Plasmid Constructs and Mutagenesis
Expression constructs for human myc-tagged CRB1 and CRB3
were obtained from B. Margolis (Roh et al., 2002; Makarova et al.,
2003). Mouse EHM2 cDNA was obtained from M. Tani (Shimizu
et al., 2000). EHM2 and YMO1were amplified by PCR and subcloned
into pFlagCMV2 (Sigma). A partial human CRB2 cDNA encoding
amino acids (aa) 351–1285 was subcloned in pFlagCMV2. The FDB
site mutation of CRB1 (Y1398A; P1340A; E1405A) was generated
by using QuikChange II site directed mutagenesis (Stratagene).
YMO1 mutants lacking either the FERM domain or the PDB were
generated by PCR and cloned into pFlagCMV2. GST-fusion proteins
were expressed with the pGEX-4T1 vector (Clontech). The GST-
coracle FERM construct was provided by R. Fehon.
Antibody Production
Antibodies against Yurt aa 1081–1199 were generated in rats and
guinea pigs. Rabbit polyclonal antibodies against human CRB1
and CRB2 were raised against aa 255–407 and aa 1060–1224 of
these proteins, respectively. The YMO1 rabbit polyclonal antibody
was raised against aa 669–731 of the mouse protein.
Immunocytochemistry
Fly embryos and mouse and fly retinas were fixed as previously
described (Tepass et al., 1990; Tepass, 1996; Pellikka et al., 2002).
Primary antibodies: guinea pig anti-Yurt (GP7), rat anti-Yurt (RA3),
mouse monoclonal anti-Arm (N2-7A1; Developmental Studies
Hybrydoma Bank [DSHB]), rat anti-Crb (Pellikka et al., 2002), rabbit
anti-PATJ (Tanentzapf et al., 2000), rabbit anti-YMO1, rabbit anti-
CRB2 and pan-cadherin (CH-19, Sigma). Secondary antibodies
were conjugated to Cy3, Cy5 (Jackson Immunoresearch Laborato-
ries), or Alexafluor 488 (Molecular Probes).
Immunoblotting and Phosphatase Assay
Drosophila embryos were homogenized in 1% Triton X-100 buffer
(Laprise et al., 2002). HEK293T cells were transfected with Lipofect-
AMINE 2000 reagent (Invitrogen) according to manufacturer’s in-
structions. Cells were cultured at 37C for 24–48 hr before lysis in
0.2% Triton X-100 buffer (20 mM Tris-HCl [pH 8.0], 100 mM NaCl,
1 mM EDTA, 0.2% Triton X-100, 100 mM sodium fluoride containing
COMPLETE protease inhibitor tablet [Roche Applied Science]).
SDS-PAGE and immunoblots were done as described (Laprise
et al., 2002). Primary antibodies: guinea pig anti-Yurt (GP7), rat anti-
Crb (Pellikka et al., 2002), rabbit anti-bH-Spectrin (243, Thomas and
Kiehart, 1994), mouse monoclonal anti-b-tubulin (E7, DSHB), anti-
GST clone B-14 (Santa Cruz Biotechnology), anti-FlagM2 (Sigma),
Myc9E10 (DSHB), anti-CRB3 (Makarova et al., 2003), rabbit anti-
CRB1, rabbit anti-CRB2, rabbit anti-YMO1. Blots were visualized
with the ECL system (Amersham Biosciences). l phosphatase treat-
ment followed manufacturer’s instructions (New England Biolabs).
Immunoprecipitations and GST Pull-Down Experiments
Immunoprecipitation was achieved by incubating antibodies and
protein A or G Sepharose beads with 1 mg of protein from embryo
or HEK293 T cell lysates overnight at 4C. For GST pull-down exper-
iments, 1 mg of lysate was incubated with 10–20 mg of GST-fusion
protein coupled to glutathione-Sepharose 4B beads (Amersham
Biosciences) overnight at 4C. After five washes with the respective
lysis buffer, protein complexes were subjected to immunoblot
analysis.
Far-Western Analysis
The FERM domain of Yurt (aa 39–272) was cleaved from a GST-Yurt-
FERM fusion protein with thrombin (Amersham Biosciences) and
was transferred to a nitrocellulose membrane after SDS-PAGE.The membrane was saturated with a solution of 5% nonfat milk in
PBS 0.05% Tween 20 (blocking solution) and then incubated over-
night at 4C with the GST-Crbintra fusion protein (Sotillos et al.,
2004) at a dilution of 2 mg/ml in blocking solution. Extensive washes
in PBS 0.05% Tween 20 were followed by immunoblot staining with
anti-GST antibody.
Electron Microscopy
Embryos and adult eyes were processed for transmission electron
microscopy as described (Tepass and Hartenstein, 1994; Pellikka
et al., 2002).
Light-Stress Experiment
Newly eclosed wild-type flies and flies with yurt75 mutant eyes were
kept in bright (800 lux) constant light for 7 days.
Supplemental Data
Supplemental Data including five figures are available at http://www.
developmentalcell.com/cgi/content/full/11/3/363/DC1/.
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